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Introduction
Switchable molecular materials have been in the research spotlight since the miniaturization of silicon based devices and conventional magnetic storage devices approaches the technological and physical limits [1] [2] [3] . In this context, the field of molecular electronics might bring some solutions with the use of molecular switches [4, 5] , single molecular magnets [6, 7] or molecular logic gates [8] [9] [10] . Molecular switches can be switched between two different states (ON/OFF) characterized in some cases by different molecular structures (structural isomerization), electronic configurations or oxidation states (redox switches) [4] . Single molecular magnets exhibit slow relaxation of the magnetization at low temperatures and can exhibit striking quantum effects, like tunneling of the magnetization [11] . Molecular logic gates usually transform chemical, optical, electrical and magnetic inputs into different chemical, optical, electrical and magnetic outputs [9] .
Among these molecular switches, spin crossover (SCO) compounds present a special interest due to the wide range of their potential applications. These transition metal complexes exhibit reversible switching between the so-called low spin (LS) and high spin (HS) electronic configurations [12] [13] [14] . The conversion between these two states can be triggered by various external stimuli such as temperature, pressure, light or X-ray irradiation, an intense magnetic field or the inclusion of guest molecules. The two spin states can then be distinguished by their different magnetic, optical, mechanical, spectroscopic and structural properties. The changes associated with the spin transition can propagate in a cooperative way [15] , which can produce hysteresis phenomena even at room temperature. An appealing aspect of the spin transition is that the switching of the electronic configuration can occur on a sub-ps time scale [16] , which can translate into THz scale processing rate. From the technological point of view SCO materials have been proposed for numerous applications ranging from displays [17] , memory devices [18] , pressure and temperature sensors [19] , gas sensors [20] , nanothermometers [21] , optoelectronic devices [22] and actuators [23] .
Considering the vast applicability of these materials, several research groups have recently embarked on the study of electrical properties of SCO compounds including the possibility of their addressing by electrical field and/or current. The use of electrical stimuli to control (read/write) the spin-state of the system would provide a great advantage to other stimuli such as temperature or pressure due to a faster dynamics (less inertia), easier size reduction and better compatibility with current technology. Here we present the state-of-the-art in the studies of electrical properties of SCO materials. We will start from results obtained on bulk powders and crystals, then reduce the scale to thin films and nanoparticles and associated devices, and finally to single molecules. We aim this review to be exhaustive, which is the main difference with respect to other recent reviews on this topic with more specific scopes [24] [25] [26] . It should be noted that conceptually rather similar Prussian blue analogue systems have been also studied recently for their electrical properties [27] [28] [29] [30] [31] , but we will not embrace this topic in the present review.
Macroscopic Samples
The first report on the thermal bistability in the (quasi-static) dielectric constant, i.e. the relative dielectric permittivity, as a consequence of the reversible LSØHS transition was presented in 2003 by Bousseksou et al. for a series of spin crossover materials [32] . Figure 1 2¨H2 O spin crossover compounds, together with the associated thermal variation of the proportion of the HS molecules measured through magnetic susceptibility and reflectivity measurements. The change in dielectric constant upon the spin transition is due to a large change in electronic polarizabilities caused by the concomitant effect of electronic structure change and local symmetry distortion. Interestingly, it can go both ways: the dielectric constant of the HS state can be either superior (more frequent) or inferior to that of the LS state [33, 34] . The transition temperatures measured through dielectric techniques follow the values found by other well-known methods used to study the SCO phenomena (magnetic susceptibility and optical measurements). Moreover, these temperatures are independent of the frequency of the applied field (up to at least 1 MHz), which is characteristic of a system in the absence of electron transfer. Later, in 2006 Bonhommeau et al. [35] showed the possibility of switching the dielectric constant of [Fe(L)(CN) 2 ]¨H 2 O by light irradiation (where L is a Schiff base macrocyclic ligand). The switching of a SCO material using light involves quantitative trapping of the molecules in the excited HS state (light induced excited spin state trapping, LIESST), which can remain in the metastable state for several days at low temperatures (usually below 50 K). The corresponding change in dielectric constant was attributed, based on density functional theory (DFT) calculations, to different polarizabilities in the LS and the HS states caused by the structural modifications which accompany the spin transition.
The change of the dielectric constant of SCO materials provides perspectives towards the use of these materials in micro/nanoelectronic devices, for example in capacitive memory devices. Nevertheless one must note that the absolute values of the dielectric constant remain moderate in these compounds and the reported changes on the SCO are usually not very high (from a few percent to a few tens of percent). 2¨H2 O spin crossover compounds. The insets show the thermal variation of the proportion of the HS molecules measured through (a)-(b) magnetic susceptibility and (c) optical reflectivity measurements. Reprinted from Ref. [32] . with permission from The Royal Society of Chemistry.
From a practical point of view the switching of the electrical conductivity is of significant interest. The first report on the conductivity switching of a bulk SCO solid was published in 2009 [36] . In this work, Salmon et al. re-investigated the spin crossover phenomenon in the [Fe(HB(pz) 3 ) 2 ] (pz = pyrazolyl) complex by magnetic, calorimetric, optical, crystallographic and electrical means. The magnetic and optical properties revealed irreversible phenomena occurring at the LS to HS transition upon the first heating. This effect has been attributed to a crystallographic change from a tetragonal to a monoclinic structure. During further cycling the magnetic moment displayed a reproducible gradual variation between ca. 290 K (LS) and 450 K (HS). Using a broadband dielectric spectrometer the complex conductivity of the sample was also recorded over two consecutive thermal cycles and the irreversible character of the first (magneto-structural) transition was clearly evidenced in the electrical measurements around 410 K where an abrupt, ca. 3 orders of magnitude decrease in conductivity was registered. The next thermal cycle followed exactly the conductivity variation of the first cooling curve. Charge hopping process has been proposed as the main transport mechanism for this material with the LS state being more conductive. In the case of [Fe(HB(pz) 3 ) 2 ] the analysis of electrical properties was complicated by the simultaneous electronic, crystallographic and morphologic transformations of the sample. A more clear-cut situation is presented by the spin-state dependence of the electrical conductivity of the [Fe(Htrz) 2 (trz)](BF 4 ) (Htrz = 1H-1,2,4-triazole) SCO compound [37] . Different synthesis batches of this complex were analyzed and each sample presented a spin transition with wide hysteresis loops above room temperature, with slightly different transition temperatures depending on their morphology. DC electrical measurements were performed on the powders compacted between two stainless steel electrodes. The conductivity of the samples was rather low, typically between 10´8 and 10´1 0 S/cm at room temperature. The electrical conductivity plotted as a function of temperature revealed a clear hysteresis loop for each sample with transition temperatures that correspond to the values found by optical reflectivity measurements. Figure 2a shows an example where a strong thermal activation of the conductivity is observed in the heating mode (LS state) followed by an abrupt (reversible) drop of ca. 2 orders of magnitude around 372 K, corresponding to the LSÑHS transition. Even if the samples were found systematically more conductive in the LS state, the analysis of thermal activation energies suggested that in some circumstances the opposite behavior might be also expected to occur. The low conductivity and strong thermal activation indicate that the charge transport takes place through a polaron hopping process. In this framework, the change in conductivity upon the spin transition was attributed to a modification of the vibrational frequencies. Indeed, the LS to HS transition is accompanied by a decrease in the phonon frequencies, which is expected to result in a lower charge carrier hopping rate. The charge transport properties of the same compound were further investigated by Lefter et al. [38] using broadband dielectric spectroscopy. This study revealed that the spin transition alters all material related electrical parameters (conductivity, permittivity, loss modulus, charge carrier relaxation times, etc.). Of particular interest regarding the charge transport mechanism is the frequency dependence of the conductivity and the loss modulus (Figure 2b,c) . The former exhibits a cut-off frequency separating the dc and ac conductivity regimes, while the latter exhibits a loss peak centered on the charge carrier relaxation frequency. A very significant increase of these characteristic frequencies was observed when going from the HS to the LS state providing thus experimental evidence for the higher hopping frequencies in the LS state. The electrical properties of the [Fe 1´x Zn x (Htrz) 2 (trz)](BF 4 ) Zn-diluted series were also investigated [39] . The conductivity of the diluted compounds decreased with 3 (x = 0.26) and 6 (x = 0.43) orders of magnitude, suggesting that the iron ions participate directly in the charge transport process. Overall, bulk SCO solids can be considered as nearly perfect (i.e., low loss) dielectric materials characterized by very low conductivity values. It is thus not surprising that the conductivity changes associated with the SCO have been observed only in samples with spin transitions above room temperature, where the thermal activation allows for raising the conductivity to detectable levels. To overcome this problem several groups attempted to enhance charge transport in SCO compounds by synthesizing hybrid materials comprising both SCO and conducting bricks. This has been achieved both at the microscopic and macroscopic levels.
Hybrid materials containing SCO complexes as well as conducting molecular species in the same crystal lattice were reported by several teams [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Most of these compounds exhibit either SCO or semiconducting behavior or both at the same time, but (in our opinion) a clearly discernible interplay between the two phenomena has been achieved only in two cases. The first indication of an interplay between the two phenomena were reported in 2006 by Takahashi et al. [50] . They synthesized and characterized the [
, which presents a gradual spin conversion from room temperature to 120 K in a multi-step process. The electrical resistivity behavior as a function of temperature is characteristic of a semiconductor, with a relatively high value at room temperature (2 S/cm) and presents a hysteresis loop between 90 and 120 K similar to the magnetic measurements. A correlation thus appears between the SCO phenomenon and the electrical conduction, but the complicated temperature dependence of the spin crossover and the lack of structural characterization did not allow for an unambiguous conclusion. A more clear-cut result was later obtained by the same group [51] with the compound [Fe(qnal
This compound displayed a quasi-complete spin transition around 220 K as shown by the magnetic measurements in Figure 3a . The electrical measurements revealed a rather high conductivity value at room temperature (ca. 10´2 S/cm), and even more importantly a discontinuity was observed in the temperature dependence of the resistivity around 220 K, which is in the same range as the spin transition. The activation energy before the resistivity change is 0.37 eV (LS state), while after the "anomaly" the activation energy is 0.24 eV (HS state). Looking at the temperature dependence of the crystal lattice cell parameters shown in Figure 3b , a significant change at 220 K can be observed for the a axis. The authors suggested this uniaxial strain might be the origin of the conductance switching upon the SCO. A similar result was obtained by Nihei et al. [45] by mixing Fe(II) SCO complexes with tetrathiafulvalene conductive moieties. They synthesized and characterized the compounds [Fe(dppTTF) 2 ](BPh 4 ) 2¨M eNO 2¨0 .5Et 2 
The magnetic susceptibility measurement of the second compound is presented in Figure 3c , wherein a spin crossover around 250 K can be depicted. The electrical measurements performed on a single crystal revealed a rather high conductivity of ca. 10´3 S/cm at, room temperature and a change in the R vs. T slope between 160 K and 280 K, which correspond to the spin crossover region of the complex. In the low temperature region (LS), the activation energy was measured to be 129 meV, while in the high temperature region (HS) the activation energy is 119 meV.
In the previous examples hybrid conducting SCO materials were synthesized by co-crystallization of molecular bricks. This elegant approach offers very interesting prospects from a fundamental point of view, but the synthesis of these compounds is rather challenging. On the other hand, hybrid materials were also obtained at a more macroscopic level by "physically mixing" the constituents. A remarkable synergy between a SCO complex and a piezoresistive polymer has been reported by Koo et al. [53] by studying the response of a composite consisting of polypyrrole (PPy) and [Fe(Htrz) 2 (trz)]BF 4 and/or [Fe(NH 2 -trz) 3 ]SO 4 (NH 2 -trz = 4-amino-1,2,4-triazole). The composites have been prepared by mixing PPy and the bulk SCO material(s), then pressing at 0.01 GPa to obtain films with thickness greater than 0.05 mm. Electrical measurements where performed using the four probe technique and revealed room temperature conductivity of ca. 10´2 S/cm. The conductivity as a function of temperature reveals the same hysteresis loop as the magnetic measurements (Figure 4) 4 ] complexes, the system presents multiple thermal hysteresis and a relative conductivity change as high as 300%. Doped PPy is a highly conductive polymer and, more importantly, it has piezoresistive properties, i.e., its conductivity changes by applying a pressure. In this case it is assumed that the pressure originates from the mechanical stress and strain associated with the spin transition. (The volumetric strain due to SCO is ca. 0.11 in [Fe(Htrz) 2 (trz)]BF 4 .) These results provide important perspectives for obtaining highly conductive plastic films with switching properties at technologically relevant temperatures. We anticipate interesting developments in this direction by promoting synergy between SCO and polymer materials with various electrical properties and promising new functionalities. In particular electro-active polymers are very appealing for the development of SCO-based actuators [23, 54, 55] . Hybrid conducting SCO materials have been also fabricated at a truly macroscopic level, by combining SCO polymer composites with electroactive polymers in bilayer structures [54, 55] . Chen et al. [54] achieved electrical bistability using a bilayer cantilever consisting of a [Fe(Htrz) 2 (trz)] (BF 4 )/polycarbonate (PC) composite and a polyimide/constantan alloy/polyimide strain sensitive plate. The temperature dependence of the voltage measured through a Wheatstone bridge presented a hysteresis loop characteristic to the spin transition. It is clear that the measured voltage is related to the metallic conductor not to the SCO/PC composite, however the SCO phenomena is clearly visible through mechanical coupling between the two polymer layers. On the other hand, Gural'skiy et al. [55] described an electro-thermomechanical actuator, which consists in a bilayer cantilever combining [Fe(Htrz) 2 (trz)](BF 4 ) with poly(methylmethacrylate) (PMMA) for the first layer and a polymer composite with silver nanoparticles for the second layer. This bilayer cantilever uses the spin crossover phenomenon to convert electrical energy into mechanical motion through Joule heating.
Micro-and Nanoscale Devices
Spin crossover thin films and nanoparticles have been integrated recently into electronic devices either to investigate the charge transport properties of the SCO compounds and/or to obtain new device functionalities (switch, memory, etc.). Matsuda et al. used spin crossover materials to modulate the electroluminescence (EL) of an OLED device ITO/[Fe(dpp) 2 ](BF 4 ) 2 :Chl-a/Al (dpp = 2,6-di(pyrazol-1-yl)pyridine), Chl-a = chlorophyll a). The fluorescent SCO layer was deposited by spin coating on ITO and covered by a thin Al layer in a vertical device configuration. The device presented EL in the HS state, while in the LS state the EL was suppressed (Figure 5a ) [56] . The energy level change in the molecular orbital concerning electron transport accompanying the spin transition regulates electron injection into Chl a, but does not affect the electron injection into NR because of its low LUMO level. Adapted with permission from Refs. [56] and [22] .
The authors proposed a model where in the LS state the electrons injected from the Al electrode passed through the SCO complex into the ITO electrode, preventing the formation of excited-state Chl-a. [22] . On the other hand, when the SCO material is in the HS state, the electrons and holes combine, therefore EL is registered (Figure 5b) . In order to test this hypothesis, a poly(N-vinylcarbazole) (PVK) layer was deposited between the ITO electrode and active layer. PVK is used as a hole transport and electron blocking layer. Indeed the insertion of this layer created an accumulation of charges in the active layer and the EL occurred in both spin states. In a second stage of the experiment, the SCO material was doped with nile red (NR) dye as an emitting dopant instead of Chl-a. In this case also, EL was detected in both spin states, which was explained by the lower lying electron transport orbitals in NR vs. Chl-a (Figure 5c ).
Mahfoud et al. presented the proof of concept for a read-only memory (ROM) containing the [Fe(HB(pz) 3 ) 2 ] SCO complex [57] . In this work the complex has been thermally evaporated in thin film form onto interdigitated microelectrodes. The current-voltage (I-V) characteristic of the device presents an Ohmic variation, before and after heating the device to 408 K (Figure 6a ). This represent the read operation of the device before and after the writing. An all-electrical read-write process is shown in Figure 6b , where different voltage bias has been applied for ca. 1 min to the device at 370 K. When a voltage bias of 1 V was applied no effect occurred. This can be considered as the read operation of the ROM. By increasing the voltage to 2 V the measured current decreases abruptly after 40 s and remains at a very low value. This irreversible effect, attributed to a Joule heating induced structural transition in the material, corresponds to the writing of the memory. A somewhat similar process was used to fabricate devices with Fe(phen) 2 (NCS) 2 (phen = 1,10-phenanthroline) thin films by Shi et al. [58] . The temperature dependence of the magnetic susceptibility of a 280 nm thin film revealed an abrupt spin transition at 175 K, similar to the bulk powder sample. For the electrical characterization a thin film of 240 nm has been deposited between gold electrodes and characterized at room temperature. The logarithmic representation of the I-V curve revealed two linear regions: one region at low voltages with a slope of 1.17, suggesting Ohmic conduction and a second linear region above 1.4 V with a slope of 2.04 characteristic to space charge limited current regime. From these data a charge carrier mobility of 6.53ˆ10´6 cm 2 /V¨s has been deduced. Temperature-dependent transport measurements were not reported, presumably due to the very low current levels around the spin transition temperature.
The control of the spin state of [Fe(H 2 B(pz) 2 ) 2 (bipy)] (where bipy = 2,2 1 -bipyridine) thin films deposited by thermal evaporation on organic ferroelectric polyvinylidene fluoride with trifluoroethylene P(VDF-TrFE) was demonstrated by Zhang et al., by changing the electric field at the interface of the two layers [59] . Magnetometry studies performed on the thin film stack revealed compelling evidence of voltage control of the spin state of the SCO layer. As a reference, the magnetic properties of the SCO powder are depicted in Figure 7a , showing the paramagnetic HS state at 300 K and the diamagnetic LS state at 100 K. In the case of the thin films (ca. 25 molecular layer), the paramagnetic behavior (characteristic to high temperatures) could be measured down to 100 K when the P(VDF-TrFE) film was polarized "up", while the diamagnetic behavior (characteristic to low temperatures) was observed up to room temperature when the ferroelectric film was polarized "down" (Figure 7b ). have been organized between interdigitated electrodes using dielectrophoresis [60] . The particles were dispersed in ethanol and drop-cast on interdigitated gold electrodes. By applying an ac voltage, the electric field gradient induced in the solution attracted the SCO objects to the gaps between electrodes (Figure 8a,b) . By using high aspect ratio particles the orientation order parameter has been drastically improved, reaching S = 0.86 (where S " ă 2cos 2 θ´1 ą and θ is the angle between a particular object and the mean orientation of any other object). This value was obtained for particles with 4 µm length and 300 nm in diameter deposited from a 0.2 g/L suspension using 7 V rms and 10 kHz ac bias for dielectrophoresis. The temperature dependence of the measured current (Figure 8c ) revealed a similar behavior as that obtained for the powder sample (see Figure 2a) , i.e., the device presents a wide thermal hysteresis loop centered around 370 K with the LS state being more conductive. The I-V characteristics recorded at 373 K in both spin states showed a non-linear behavior, which probably originates in a voltage activation of the charge transport. Overall, fairly similar results were reported later by Dugay et al. [61] for [Fe(Htrz) 2 (trz)](BF 4 ) nanoparticles integrated in a similar device. Lefter et al. [62] completed the study of [Fe(Htrz) 2 (trz)](BF 4 ) based devices by the analysis of the robustness of the thermal spin transition and that of the electronic device on successive thermal cycling. While the powder showed a fairly good stability up to 3000 thermal cycles in optical reflectivity measurements, the current intensity dropped monotonously in electrical measurements over 20 cycles, even if the spin transition temperatures were reproducible. Photoconductivity experiments on [Fe(Htrz) 2 (trz)](BF 4 ) micrometric rods were also carried out [63] . The rods where placed between interdigitated gold electrodes and light form a halogen lamp was applied on the device inside the hysteresis temperature range. A significant decrease in current upon light irradiation was observed in the LS state. This phenomenon has been tentatively attributed to charge trapping caused by adsorbed molecules from the ambient atmosphere, but the origin of the spin-state dependence could not be clarified. More recently, the possibility of a partial switching of the spin state of [Fe(Htrz) 2 (trz)](BF 4 ) particles from the HS to the LS state by applying an electrical field was also reported [64] . Another interesting effect has been observed by Etrillard et al. [65] on the photoconduction in [Fe(Htrz) 2 (trz)](BF 4 )¨H 2 O nanocrystals, which have been positioned between sub 100 nm gap gold electrodes. The particles were randomly dispersed on the substrate from an ethanol solution and effectively bridged the gap between electrodes. A first experiment has been performed on the as-prepared device and no photocurrent has been measured. Then the electrodes where subjected to voltage poling. The current of the poled device increased considerably upon light irradiation and dropped to the same level when the light excitation was removed. Even though the experimental results are intriguing, it is not clear if the effect is characteristic of the SCO material.
One of the most intriguing results on electrical properties of SCO materials was reported by Prins et al. [66] where they showed the possibility of addressing a SCO nanoparticle. The SCO system is formed of [Fe(Htrz) 2 4 ] nanoparticles coated with a surfactant shell. The particles were deposited between gold electrodes with an electrode gap of 5-10 nm as it is schematically illustrated in Figure 9a . The current-voltage characteristics (Figure 9b) show the difference before (green line) and after (red line) particle deposition by a clear increase in the measured current for two different devices (electrode width of 1 µm and 100 nm respectively). Multiple I-V characteristics where recorded at different temperatures in the temperature range of 300-400 K and by plotting the conductance (I/V) of the device at 0.4 V as a function of temperature, a hysteretic behavior similar to the one obtained in the magnetic susceptibility measurements was found (Figure 9c ). It is important to note that in both devices the conductance in the HS state is several times higher than the conductance in the LS state, which is exactly the opposite behavior with respect to the bulk material. The switching between the low-conductance and higher conductance states was also achieved by voltage cycling (Figure 9d ). The authors suggested that the origin of this conductance difference could be the expansion of the Fe-N bond length that accompanies the spin transition. By assuming a single electron tunneling phenomena in the device, the increase in bond length upon the spin transition can reduce the tunnel barrier width, thus leading to an increase of the conductance. 
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Single Molecule Studies
As a matter of fact, the above mentioned work of Prins et al. [66] on single SCO nanoparticles represents an intermediate situation between the investigation of SCO materials and single SCO molecules. These latter have been recently studied by several groups using either scanning tunneling microscopy (STM) or planar, two-or three terminal, "nanogap devices". Working with such single-molecule electronic and spintronic devices is obviously a very attractive and challenging topic. Nevertheless, a word of caution is necessary for the spin crossover community as to the interpretation of the data obtained by these techniques. In most cases there is only indirect evidence for the spin-state switching in these devices. From a fundamental point of view, the main issue is that the connection of the molecules to the electrodes will always alter their properties to some extent. Hence a direct comparison with the bulk properties often becomes meaningless. From a practical point of view the key problem is that the experimental characterization of the molecule in the junction is nearly impossible by any other means than the tunneling current. From this point of view STM offers somewhat more flexibility than nanogaps, nevertheless, a series of carefully controlled experiments and theoretical calculations are indispensable in each case to rationalize the observations.
The first STM study on a SCO compound was published by Alam et al. [67] who investigated the [Fe II (L) 2 ](BF 4 ) 2 (L = 2,6-di(1H-pyrazol-1-yl)-4-(thiocyanato-methyl)pyridine) complex. The compound has been deposited from solution on highly oriented pyrolytic graphite (HOPG) surfaces for current-imaging tunneling spectroscopy (CITS). This technique has been used to map the nanometric chain structures formed on the surface. Two different types of molecular clusters were observed with I-V curves situated either higher or lower than the reference curve of the HOPG surface. The two types of signals were attributed to LS molecules (more conductive) and HS molecules, respectively. The study of [Fe II (L 1 ) 2 ](X) 2 complexes was completed later by Grohmann et al. [68] . In this article they studied two complexes with L 1 = 2,6-di(1H-pyrazol-1-yl)pyridine and X = BF 4 and X = PF 6 . In the bulk polycrystalline form, only the former exhibits spin crossover, while the latter is a high spin complex. However, the I-V characteristics of both complexes deposited on the HOPG surface present different features, which could be assigned to the coexistence of HS and LS molecules on the surface.
An interesting perspective has been published by Palamarciuc et al. by performing STM imaging on isolated molecules of the [Fe(H 2 B(pz) 2 ) 2 (bipy)] SCO complex obtained by evaporation on a Cu(111) surface [69] . They observed a series of isolated molecules with different orientations from which they deduced the possible adsorbate conformation of the molecule on the surface. The same family of compounds has been also investigated by other groups. Pronschinske et al. [70] studied by STM bilayer [Fe(H 2 B(pz) 2 ) 2 (bipy)] films on Au(111) surfaces and observed in the conductance maps the coexistence of two different molecules, but no significant temperature effect between 130 and 300 K on the relative population of the two species. From a comparison of the tunneling spectra and DFT calculations they concluded on a temperature independent coexistence of molecules in the two spin states, the HS state exhibiting a reduced conductance gap with respect to the LS state. The STM investigation of the closely related compound [Fe(H 2 B(pz) 2 ) 2 (phen)] on Au(111) has been presented by Gopakumar et al. [71] . Remarkably, they showed a reversible and selective switching of single molecules in a densely packed bilayer of molecules by injecting electrons from the STM tip. The switching process involved a significant change of the differential conductance spectra and showed correlation with DFT calculations, indicating in both cases (i.e., theory and experiment) a decreased gap between the highest-occupied and lowest-occupied molecular orbitals (HOMO-LUMO). In addition a Kondo resonance was also reported in the "reduced gap" molecular state. On this basis the observed switching process was described as a transition between the LS and HS states.
The operation of a nanoscale molecular switch containing a single molecule to store information has been presented by Miyamachi et al. [72] . In this work they studied Fe(phen) 2 (NCS) 2 spin crossover molecules deposited on metallic surfaces and they observed a field-induced switch between a low and high conduction state. Remarkably this switch could be obtained only when the molecules were decoupled from the metallic substrate by a nitrogen insulating layer-highlighting the outmost importance of the electronic coupling between the molecules and the substrate. The hysteretic I-V characteristic of a single molecule is presented in Figure 10a . The higher and lower conduction states can be obtained reversibly by applying a bias of +1.2 V and 0.8 V, respectively. The switching of the tunneling current with the bias ramping is also accompanied by a structural change observed in the STM images as well as in the height profiles as shown in Figure 10 . The difference between the two states can be highlighted by plotting the differential conductance (dI/dV) as illustrated in Figure 10e . The difference between the two states is clear here, as only one of the two states shows a Kondo peak, characteristic of a magnetic impurity on a conductive surface. On this basis the high (low) conductance state is assigned to the HS (LS) state of the molecule. This switching phenomenon has been also used to demonstrate a memristor operation in these devices. Gruber et al. [73] continued the work on the same complex deposited on Cu(100) surface with coverages ranging from 0.1 to 1.8 monolayers on which STM measurements where performed. A coverage-independent coexistence of both spin states at low temperatures (4 K) on the first monolayer has been reported. In the case of the second-layer molecules, the influence of the substrate is reduced and a switching between the two states was observed when cycling the bias voltage. Gueddida et al. [74] have calculated by DFT the STM pictures of Fe(phen) 2 (NCS) 2 on transition metal surfaces and pointed out the importance of electronic coupling with the substrate.
The low temperature charge transport mechanism in a three terminal device containing a Mn-transition metal complex ([Mn(terpy-O-(CH 2 ) 6 -SAc) 2 )] 2+ ) has been studied by Osorio et al. [75] . Using this configuration the authors demonstrated the direct electrical control of the molecular spin state of a single metal complex. To this aim the molecule was bonded to two gold electrodes obtained by electromigration. By adjusting the gate-voltage the terpyridine ligand was reduced leading to an increase of the ligand-field on the central metal ion, which allowed for a transition between the S = 5/2 and S = 1/2 spin states of the molecule. A more comprehensive study has been presented by Meded et al. [76] where they show theoretically and experimentally the possibility of electrically controlling the spin-state of a single molecule. Using DFT calculations they predicted that the spin transition can be triggered when two electrons are added to the ligands in the complex [Fe II (bpp Figure 11a . Figure 11b illustrates a typical differential conductance map as a function of the source-drain and gate voltages, which exhibits a classical single-electron transport trough a nano-object. The shift in the gate voltage ∆V g of the Coulomb edges is a consequence of the modification of the electrostatic environment of the molecule. These transport measurements reveal a double-quantum-dot behavior combined with a split Kondo peak, which can be interpreted as an indication of an SCO behavior. The spin crossover phenomena and the charge transport properties at the single molecule level have been studied recently by two different approaches: by grafting SCO molecules to an array of gold nanoparticles [77] and also by means of mechanically controlled break junctions [78] .
In the first case the complex studied was [Fe(AcS-BPP) 2 ](ClO 4 ) 2 , where AcS-BPP = (S)-(4-[[2, 6-(dipyrazol-1-yl)pyrid-4-yl]ethynyl]phenyl)ethanethioate). Molecules were attached to gold nanoparticles of 8.5 nm in diameter, which were then arranged in a 2D network, as shown in Figure 12 . The particular interest of such well-organized molecule-nanoparticle networks is that the occurrence of SCO phenomena in the junctions could be confirmed by independent control techniques (Raman spectroscopy and magnetization measurements). Charge transport measurements as a function of temperature have been performed on four devices, three of which contained passive "control" molecules. Figure 12 shows the temperature dependence of the resistance of a few devices. The monotonic decrease of the resistance and the formation of the plateau at higher temperatures is an indication of a Coulomb blockade due to the small size of the nanoparticles. This was observed for each device. On the other hand an increase of resistance above 280 K was observed only in the case of the SCO-gold nanoparticle arrays. The charge transport behavior of the device containing SCO molecules was explained through a percolation model that assumes that the HS state is more resistive than the LS state, assumption that has been confirmed also by theoretical calculations. Spin state switching using a voltage of a single [Fe II (tpy) 2 ] molecule placed in a mechanically controlled break junction has been demonstrated by Harzmann et al. [78] . This experiment is based on the sensitivity of spin state of this complex to the spatial arrangement of the ligands. By applying an electric field across the molecule, a mechanical distortion of the coordination sphere occurs leading to a change of the ligand field. A schematic representation is shown in Figure 13 . The experimentally observed typical I-V characteristics are also illustrated in Figure 13 . The three main I-V characteristics found in 28 devices are as follows. In four of them a hysteretic behavior has been observed, displaying a current jump at 0.7 V upon sweeping forward and a second jump at´0.5 V by sweeping in the opposite direction (Figure 13a ). In the remaining 24 junctions a negative differential conductance (Figure 13b The change of the resistance of single SCO molecules connected to metallic electrodes has been theoretically studied by Baadji and Sanvito [79] using a combination of density functional theory and the non-equilibrium Green's function methods for quantum transport. They have determined a magnetoresistance ratio of 200% at zero bias and around 3000% at higher voltage biases. The simulated I-V characteristic showed a current intensity difference between the HS and the LS states of three orders of magnitude. In the LS state the current has a tunnel-like characteristic in the whole voltage range and increases monotonically with bias. In the HS state, however, the I-V characteristic is different since a relatively small voltage bias as 0.4 V is enough to shift both the HOMO and the LUMO transmission resonances within the bias window. These results not only prove that the molecule in the two spin states possesses very different conductivities, but also that the mechanism of the molecular switching is not only associated to a change in the molecule geometry, but has an electronic origin as well. A similar theoretical approach has been adopted by Aravena et al. [80] to compute the I-V characteristics of a trans-bis(3-(2-pyridyl) [1, 2, 3] triazolo[1,5-a]-pyridine)bis(isothiocyanato)iron(II) molecule connecting two gold electrodes. They predicted a higher current in the HS state with respect to the LS state and made some comparisons with the available experimental data as well.
Conclusions
In this review, we assessed the achievements in the field of spin crossover complexes concerning their charge transport and electrical properties. Starting from the pioneering works on the bistability of the dielectric constant of bulk SCO powders to the voltage-triggered spin transition in a single molecule, this field has advanced considerably in the past decade. At the macroscopic scale the spin-state dependence of charge transport and dielectric properties offers new opportunities for the investigation of the charge carrier dynamics and electronic structure of these compounds. In addition, these properties open up perspectives for the development of micro-and nano-electronic devices with spin-state switching functionality. The highly insulating nature of SCO compounds represents, however, an obstacle for a number of applications. This problem has been overcome by the development of hybrid SCO-conductor systems, which can also give rise to interesting synergies between different electronic phenomena. Hybrid materials were first synthesized by the co-crystallization of molecular SCO and conductor units, which proved to be a fundamentally very interesting, but also a very challenging synthetic task. In a more pragmatic manner, SCO complexes were also mixed with piezoresistive polymers, which lead eventually to bistable conducting composite materials. We anticipate in the near future a significant further development of this promising approach using polymer matrices with different electrical properties. Other possible approaches to overcome the insulating nature of SCO compounds are based on the device design. For example devices with different competing charge transport channels can be constructed wherein the spin crossover phenomenon can lead to a switching between these channels. Another interesting possibility is the fabrication of devices with large-area thin SCO junctions (either tunneling or injection-limited), which may open up also prospects for spintronic devices. Another field in fast development is the study of charge transport in SCO complexes at the single molecule level. In the case of single molecule devices, it has been shown that the coupling between the SCO molecule and the metallic electrode has a major impact on the electronic structure and switching properties of the molecule. Nevertheless, by carefully controlling this interface, remarkable results have been presented on single molecules or molecular clusters-including also their electrical addressing. Further work will be, however, necessary to clarify the microscopic details of the different phenomena reported at the single molecule level. Rigorous theoretical simulations will have a major role in this context.
